Autosomal Recessive Primary Microcephaly (MCPH) is a rare disorder of neurogenic mitosis characterized by reduced head circumference at birth with variable degree of mental retardation. In MCPH patients, brain size reduced to almost one-third of its original volume due to reduced number of generated cerebral cortical neurons during embryonic neurogensis. So far, seven genetic loci (MCPH1-7) for this condition have been mapped with seven corresponding genes (MCPH1, WDR62, CDK5RAP2, CEP152, ASPM, CENPJ, and STIL) identified from different world populations. Contribution of ASPM and WDR62 gene mutations in MCPH World wide is more than 50%. By and large, primary microcephaly patients are phenotypically indistinguishable, however, recent studies in patients with mutations in MCPH1, WDR62 and ASPM genes showed a broader clinical and/or cellular phenotype. It has been proposed that mutations in MCPH genes can cause the disease phenotype by disturbing: 1) orientation of mitotic spindles, 2) chromosome condensation mechanism during embryonic neurogenesis, 3) DNA damageresponse signaling, 4) transcriptional regulations and microtubule dynamics, 5) certain unknown centrosomal mechanisms that control the number of neurons generated by neural precursor cells. Recent discoveries of mammalian models for MCPH have open up horizons for researchers to add more knowledge regarding the etiology and pathophysiology of MCPH. High incidence of MCPH in Pakistani population reflects the most probable involvement of consanguinity. Genetic counseling and clinical management through carrier detection/prenatal diagnosis in MCPH families can help reducing the incidence of this autosomal recessive disorder.
Introduction
In this article, we have reviewed the clinical and molecular genetics studies of autosomal recessive primary microcephaly (MCPH). This review article has been divided into three main sections. In the first part, we have discussed the clinical manifestations of the disease. In second part, molecular genetics of autosomal recessive primary microcephaly including a comprehensive appraisal of the seven mapped loci (MCPH1 -MCPH7), their corresponding genes, protein products of the genes, their likely role in normal brain development and the details of the mutations reported in these genes, especially with reference to Pakistan, have been reviewed. Lastly, probable involvement of MCPH genes in the evolution of human brain to perform diverse cognitive functions has been apprehended.
Clinical Manifestations
Autosomal Recessive Primary Microcephaly (MCPH-MIM 251200) is a developmental defect of brain characterized by congenital reduction in head circumference of at least 2 standard deviations (SD) below ethnically matched, age-and sex-related mean and non-progressive mental retardation of variable degree, in absence of any significant neurological deficit [1] [2] [3] [4] [5] [6] [7] [8] . Microcephaly in MCPH is primary i.e. it is evident by 32 nd week of gestation, is present at birth, and is non-progressive [4, 5, 9, 10] . Head circumference (HC) or occipitofrontal circumference (OFC) is the most common diagnostic tool for MCPH. It has been observed that HC ranges from 2 SD to 11 SD below the mean in MCPH patients with very mild interfamilial difference in degree of microcephaly [8, [11] [12] [13] . By using the definition of HC 3 SD or below the mean, MCPH patients with normal intelligence are very rare [14, 15] . Most of the MCPH patients are easy-to-handle and can acquire several selfhelp skills. An indistinguishable sloping forehead is present in many cases but not always found to be associated with MCPH [11, 16, 17] . Seizures and epilepsy have been found in higher frequency in patients with ASPM mutations, but are very rarely found in patients affected due to other MCPH genes, and are no more common than in general population [4, 8, 12, 18] . Table 1 gives a description of phenotypes for MCPH patients. Do MCPH1, WDR62 and ASPM mutations result in different phenotype?
Earlier, based on the findings of several studies by different groups on more than 200 families world-wide, it was believed that specific physical appearance of patients linked to each MCPH locus is indistinguishable [11, 12, 16, 17, 19, 20] . Also, chromosomal analysis for most of the MCPH patients was reportedly normal [12] . But recent studies, supported by modern neurodiagnostic modalities like of Computed Tomography (CT) Scan and Magnetic Resonance Imaging (MRI), have significantly increased our knowledge regarding the discernible clinical presentations of MCPH and expanded the definition of MCPH based on phenotype [4, 21, 22] .
For MCPH1 related MCPH patients, in addition to relatively small height, high proportion of prophase-like cells due to premature chromosome condensation is reported [23] [24] [25] . In case of MCPH2 gene (WDR62) mutations, a broad clinical phenotype in MCPH patients has been observed by three independent research groups [21, 26, 27] . It includes microcephaly, pachygyria with cortical thickening as well as hypoplasia of the corpus callosum. In some patients, presence of lissencephaly, schizencephaly, polymicrogyria and, in one instance cerebellar hypoplasia has been observed. These were previously regarded as distinct entities from MCPH [26, 27] .
A recent study has clinically evaluated patients with ASPM mutations and showed several additional phenotypes. They include border-line microcephaly and intelligence quotient (IQ) scores, mild epilepsy, late-onset seizures, simplified gyral pattern, ventricle enlargement, partial corpus callosum agenesis, and mild cerebellar hypoplasia [8] . In another report, MRI imaging of the brain of MCPH patients with ASPM mutations revealed simplified anterior gyral pattern with reduced white matter, but without any evidence for a neuronal migration defect [28, 29] .
Molecular Genetics of MCPH

Incidence of MCPH
As reported in birth defect registers world-wide, the incidence of microcephaly varies from 1.3 to 150 per 100,000 depending upon the type of population and the range of SD used to define microcephaly [30] [31] [32] [33] . It has been found that MCPH is more common in Asians and Arabs than in White; a white (non-consanguineous) MCPH incidence is 1 per million as compared to 1/100,000 in consanguineous populations like Pakistan [1, 4, 34] .
Genes in MCPH
MCPH is thought to be a disorder of neurogenic mitosis due to the fact that most of the genes implicated in the etiology of MCPH are involved somehow in mitosis and are expressed in neuroepithelium during embryonic neurogenesis [3] . Understanding the neuro-developmental etiology leading to MCPH is of high significance for understanding the brain development and mammalian evolution with a massive increase in size of the cerebral cortex in primates. Genetic heterogeneity is well established in MCPH and so far seven loci (MCPH1-MCPH7) have been discovered, named according to their order of discovery [35] [36] [37] [38] [39] [40] [41] [42] . Mutations in seven genes with in these loci have been identified (Table 2) . Microcephaly (at least 2 SD below the mean) at birth, mild to severe, non-progressive mental retardation (borderline IQ is possible).
Reduction of cerebral cortical volume (neuronal proliferation defect) and simplification of gyral pattern in most cases Epilepsy/fits/seizures are very rare but cannot exclude the diagnosis (ASPM)
Premature chromosome condensation in some cases with increased prophase-like cells (MCPH1)
Sloping forehead is although common but is not always associated Pachygyria with cortical thickening as well as hypoplasia/agenesis of the corpus callosum (neuronal migration defect) in some cases (ASPM, WDR62)
Delay in early motor milestones (Speech delay is common) In few cases Lissencephaly, schizencephaly, polymicrogyria and, cerebellar hypoplasia have also been observed (WDR62)
Some times aggressive but otherwise have a happy effect (easy to handle)
The ASPM gene at MCPH5 locus and WDR62 at MCPH2 locus have been found mutated in more than 55-60% of the MCPH families jointly, while CDK5RAP2 gene at MCPH3 locus has least involvement in causing MCPH [3, 4, 11, 43] . Many of these genes have been found mutated in families from Pakistan with CDK5RAP2 mutations found in Pakistani families only [43] [44] [45] . Model organisms like Drosophila, Mouse and Zebra fish have been extensively used to study the effects of mutations in different human MCPH genes. Table 3 gives a brief description of animal models for MCPH genes. A detailed description of the MCPH gene mutations, their most likely functions in causation of the disease and animal model studies of MCPH genes is as follows.
1-Microcephalin (MCPH1)
MCPH1/microcephalin gene (MIM 607117) at chromosome 8p23 contains 14 exons and 835 amino acids; the genomic size is 241905 bp with three isoforms reported so far and 8032 bp Open Reading Frame [25, 46] . Microcephalin, the encoded protein is implicated in DNA damage induced cellular responses and chromosome condensation. This protein is considered to have a role in G2/M checkpoint arrest via maintenance of inhibitory phosphorylation of cyclin-dependent kinase 1 [3] . The first mutation in MCPH1 gene was found in MCPH families from Pakistan [25] . Later mutation in this gene was reported in a disorder of microcephaly, short stature and misregulated chromosome condensation, known as Premature Chromosome Condensation Syndrome (PCC). It was therefore discovered that both MCPH1 and PCC syndrome are allelic disorders originated from mutations with in the same gene [24] . More recently, Farooq et al, (2010) [47] described the CraniosynostosisMicrocephaly with Chromosomal Breakage (CMCB) and other abnormalities that were caused by a truncating mutation (302C-G) in exon 4 of the MCPH1 gene. CMCB is found to be allelic to PCC syndrome and MCPH1.
A missense mutation has been reported in MCPH1 gene demonstrating less severe cellular phenotype and mild microcephaly [4, 23] . Also, a large deletion mutation encompassing first 6 exons of Microcephalin gene in an Iranian family, showing autosomal recessive mental retardation and mild microcephaly, has been reported [48] .
Microcephalin contains three (one N-terminal and two C-terminal) BRCT domains (Carboxy-terminal domain of breast cancer gene BRCA1); ortholog genes with similar domain structures are also found in model organisms such as the mouse, Drosophila melanogaster and Caenorhabditis elegans [49] . The BRCT domains are evolutionarily conserved phosphor-peptide binding amino acid tandem repeat domains involved in cell cycle control. Expression studies show high levels of Microcephalin expression localized to the developing forebrain and, in particular, to the walls of the lateral ventricles in fetal brain [49, 50] . The gene was also shown to be expressed in fetal mouse brain during neurogenesis, with highest expression in the ganglionic eminences and lateral ventricles [25] . However, it is also expressed at similar levels in many other fetal tissues such as liver and kidney and, at lower levels, in other tissues.
Cell cycle checkpoints, the regulatory pathways that govern the order and timings of cell cycle transition, are inter related with DNA damage response signaling pathways as cell cycle has to be arrested until damage is repaired. A role for microcephalin in DNA damage response was confirmed after the demonstration that microcephalin localizes to DNA repair foci and that cells depleted for microcephalin by RNA interference exhibit failure in cell cycle checkpoints [51] . It has been proposed that mutations in microcephalin are a causal link between impaired DNA damage response signaling and microcephaly and that misregulated chromosome condensation in MCPH1 is mediated by condensin II protein [52, 53] . Wood et al (2007) [54] , demonstrated that microcephalin protein is recruited to double-strand breaks via interaction of its C-terminal BRCT domains with phosphorylated H2AX, a histone variant that marks sites of damaged DNA, further expanding the signal to CHK1 and CHK2 via subsequent phosporylation, leading to the modulation of cell cycle, DNA repair and apoptosis. Alderton et al (2006) [55] found defective G2/M checkpoint arrest, nuclear fragmentation after DNA damage, and supernumerary mitotic centrosomes in human lymphoblastoid cell lines with different truncating mutations in MCPH1. They concluded that MCPH1 has a role in maintaining inhibitory CDK1 phosphorylation, which prevents premature entry into mitosis. Thus, microcephaly occurring in patients with MCPH1 mutations may be due to a defective centrosomal function of microcephalin, influencing the number of proliferative cell divisions of neuronal stem cells in neurogenesis.
Brunk et al (2007) [56] , and Rickmyre et al (2007) [57] , have used Drosophila to evaluate the effects of mcph1 deficiency. The cellular phenotypes include uncoordinated centrosome and nuclear cycles, slowed mitotic entry, premature chromosome condensation, mitotic entry with un-replicated DNA, genomic instability, premature separation and centrosome detachment. They also noted chk2-mediated mitotic arrest in the Drosophila cells with mcph1 deficiency. Surprisingly, the adult brains were of normal size but have defects in mushroom body structure.
Recently, two research articles claim the success in generation of mouse model for MCPH1 related primary microcephaly. Trimborn et al, (2010) [58] , reported the first mammalian model with mis-regulated mitotic chromosome condensation due to defective Mcph1 function. Although residual wild type allele could be detected by quantitative real-time PCR, cell cultures generated from mouse tissues bearing the homozygous gene trap mutation display the cellular phenotype of misregulated chromosome condensation that is characteristic for the human disorder; thus confirming defective Mcph1 function due to the gene trap mutation. While surprisingly the DNA damage response (formation of repair foci, chromosomal breakage, and G2/M checkpoint function after irradiation) appears to be largely normal in cell cultures derived from Mcph1 gt/gt mice, the overall survival rates of the Mcph1 gt/ gt animals are significantly reduced compared to wild type and heterozygous mice. Moreover, the animals show no obvious physical phenotype and no reduced fertility. Liang et al (2010) [59] also described the generation of Mcph1 deficient mouse model. They found that Brit1 -/-(double negative mice) and mouse embryonic fibroblasts (MEFs) both were hypersensitive to c-irradiation. MEFs and T-lymphocytes exhibited severe chromatid breaks and reduced Rad51 foci formation after irradiation. Notably and in contrast to the findings of Trimborn et al (2010) [58] , Brit1 double negative mice were infertile and meiotic homologous recombination was impaired. They observed that Brit1-deficient spermatocytes exhibited a failure of chromosomal synapsis, and a meiotic arrest was observed at late zygotene of prophase I accompanied by apoptosis.
2-WDR62 (MCPH2)
The gene lies within the MCPH2 candidate linkage interval at chromosome 19q13.12 with 32 functional exons and genomic size of 50230 bp [26, 46] . The gene has two predicted isoforms and the protein consisting of 1523 residues contains 15 WD repeats [46] .
In three recently published research articles, authors have found recessive mutations in human WD repeat domain 62 gene (WDR62) in families showing linkage at MCPH2 locus. Authors have observed variety of severe cerebral cortical malformations in the affected individuals including microcephaly, pachygyria with cortical thickening as well as hypoplasia of the corpus callosum [21, 26, 27] . The authors reported that some patients with mutations in WDR62 had evidence of additional abnormalities including lissencephaly, schizencephaly, polymicrogyria and, in one instance, cerebellar hypoplasia, all traits traditionally regarded as distinct entities.
Bilguvar et al (2010) [26] have found 5 homozygous WDR62 mutations including deletions and premature terminations in patients suffering from microcephaly and some additional phenotypes, belonging to Turkish origin. Nicholas et al (2010) [27] have identified WDR62 as the second most common cause of MCPH after finding homozygous missense and frame-shifting mutations in seven MCPH families, including one from Pakistan. Yu et al (2010) [21] also identified six families with syndrome of congenital microcephaly and diverse defects in cerebral cortical architecture. They identified six mutations in WDR62 gene by use of targeted high throughput sequence analysis. In mice and humans, WDR62 expression is found in neural progenitors within the ventricular and subventricular zones. It is observed that expression of WDR62 in the neocortex is transient; spanning the period of embryonic neurogenesis [21] . According to the observation of authors, WDR62 does not apparently associate with centrosomes and is predominantly nuclear in localization [21] . But other researchers have found the expression pattern of WDR62 identical to that of ASPM; another MCPH protein expressed at and able to focus the spindle poles in neural precursor cells [26] . They have elaborated that in interphase cells, WDR62 had weak, diffuse cytoplasmic expression. During mitosis, WDR62 accumulated strongly at the spindle poles but was not present at the midbody in cytokinesis.
Another research group has shown that WDR62 demonstrates notable cell cycle-dependent localization. They have revealed punctate, perinuclear expression of WDR62 during interphase, suggesting localization to the Golgi apparatus, by immunofluorescence staining of endogenous WDR62 in HeLa cells with an anti-WDR62 antibody. In contrast, in HeLa or HEK cells in M phase, the authors have found the presence of WDR62 protein at the spindle poles, as demonstrated by double labeling with γ-tubulin and dynein [27] .
These findings have suggested that mutations in WDR62 are involved in the pathogenesis of varying cortical abnormalities that until now have largely been conceptualized to be distinct and these diverse features can have unified underlying causation. Although there were no imaging studies presented in the previous mapping of this locus, recent findings by different groups suggest that WDR62 is the MCPH2 gene and have extended the phenotype beyond ordinary microcephaly. [44, 45, 60] . Multiple transcript variants exist for this gene on chromosome 9q33.2, but the full-length nature of only two has been determined.
CDK5RAP2 (MCPH3)
The CDK5RAP2 protein is predicted to contain one N-terminal spindle associated domain and two potential chromosome segregation ATPase (SMC, structural maintenance of chromosomes) domains, which are known to play a role in the cohesion and condensation of chromosomes during mitosis [3] . CDK5RAP2 protein interacts with the gamma-tubulin ring complex (gTuRC) at its N-terminus, with CDK5 regulatory subunit 1 (CDK5R1) at C-terminal interacting site and also contains several coiled-coil domains [44, 46] . Bond et al. (2005) [44] identified a homozygous base substitution in exon 4, 243T A (S81X) resulting in amino acid change, S81X, in one family from Pakistan. In the other Pakistani family they identified a homozygous mutation in intron 26, IVS26-15A G creating a new superior splice acceptor site, leading to the addition of four amino acids and a termination codon (E385fsX4). Hassan et al. (2007) [43] described recurrence of a previously known mutation (S81X) in MCPH family from Northern Pakistan and concluded that the exact nomenclature for this mutation was 246T > A (Y82X). They also concluded that recurrence of Y82X mutation in CDK5RAP2 gene in a family of Kashmiri origin may indicate confinement of this rare haplotype within Northern Pakistani population.
CDK5RAP2 is a centrosome-based protein, and its mRNA is widely expressed in human and in embryonal mouse tissue [44, 61] . Nagase et al (2000) [62] , have shown that gene expression of Cdk5rap2 in murine sections is highest in the brain and the spinal cord, particularly in the neuroepithelium of the frontal cortex early in neurogenesis. The mouse protein cdk5rap2 is localized throughout the pericentriolar material in all stages of cell cycle and associates with the γTuRC (γ-tubulin ring complex) via a short conserved sequence present in several related proteins found in a range of organisms from fungi to mammals [63] . Perturbing human CDK5RAP2 protein function delocalized γ-tubulin from the centrosomes and inhibited centrosomal microtubule nucleation, thus leading to disorganization of interphase microtubule arrays and formation of anastral mitotic spindles [63] . Zhang et al (2009) [64] recently demonstrated that CDK5RAP2 is required for spindle checkpoint regulation. They found that loss of its function leads to chromosome mis-segregation and reduced expression of spindle checkpoint proteins, via interaction with their promoters and transcription regulation in HeLa cells. Lucas and Ruff (2007) [65] , have found centrosome dysfunction; centrosome 'rocketing' within the cells due to loss of connection between centrosomes and pericentriolar matrix in human CDK5RAP2 ortholog, 'centrosomin,' deficient Drosophila embryos (cnn-/-). Only subtle defects of asymmetric divisions in 'centrosomin,' deficient Drosophila embryos (cnn-/-) were observed, and brains were reportedly of normal size. Previously, Terada et al (2003) [66] provided the evidence about the interaction of Drosophila orhtholog of CDK5RAP2, centrosomin (cnn), with γ-tubulin ring complexes within the centrosome, which is responsible for the production of microtubules. Thus, CDK5RAP2 may affect neurogenic mitosis by affecting the accessibility of the microtubules that are required to assemble the mitotic spindles.
CEP152 (MCPH4)
Guernsey et al (2010) [67] have recently discovered both homozygous and heterozygous mutations in CEP152 gene located with in MCPH4 linkage interval at chromosome 15q21.1 in two Canadian families with MCPH using SNP-based genome scan. Human CEP152 gene, which is the putative mammalian ortholog of Drosophila asterless (asl), spans 72835 bp with protein product of 152 kDa and 1710 amino acids for largest transcript variant [46] .
Previously, Blachon et al (2008) [68] have demonstrated that Asl (ortholog of CEP152 in Drosophila) is a conserved gene required for ciliogenesis; is involved in the initiation of centriole duplication and that it is dispensable for pericentriolar material (PCM) recruitment in meiosis in MC centrioles (Mother Centrioles). They were successful to show that asl is essential for centriole formation in brain cells and spermatocytes. The generated mechanosensory mutant D, mecD, (a mutant allele of asl) exhibited all of the characteristics of a ciliary defect with a severe phenotype of uncoordination and nonmotile sperm tails and also confirmed the absence of cilia by serial-section electron microscopy (EM) of the sensory neurons and the sperm tails.
However, in mice, Guernsey et al (2010) [67] were able to generate a cDNA clone product of the correct size spanning exons 21-24 of the mouse Cep152 ortholog by using RNA extracted from mouse brain tissue; cDNA could be readily detected in stage 12.5 and 14.5 embryonic brains. They have also used tools of bioinformatics to elaborate the pathogenic effect of homozygous mutation in CEP152 gene (Q265P) in two MCPH4 linked families [67] . [22] identified mutations in ASPM (Abnormal Spindle-like Microcephaly-Associated), a human ortholog of the Drosophila melanogaster 'abnormal spindle' gene (asp), which is essential for normal mitotic spindle function in embryonic neuroblast at MCPH5 locus. The gene spans 62567 bp with 10906 bp ORF [46] . The ASPM gene contains 28 exons and deduced protein contains 3477 amino acids, comprising of a putative microtubule-binding domain at its, Nterminal with ciliary function [69] [70] [71] , a calponin-homology domain (CH), 81 isoleucine-glutamine (IQ) motifs which act as calmodulin-binding domains [22, 69, 70] and a carboxy terminal region with no identifiable domains [70, 72] . The number of ASPM IQ domains is constant among diverse mammals, with the exception of some rodents and, are thought to be involved in increased cerebral cortical size in mammalian evolution [71, 72] .
ASPM (MCPH5)
Mutations in ASPM gene (discovered so far) are protein-truncating; they are distributed throughout the gene without any observed association of phenotypic severity with mutation position or type and are the most common cause of MCPH World-wide [11, 16, 17, 19, 22, 73, 74] . These mutations include single base-pair changes, deletions, duplications and intronic variants. Also, a significant number of the ASPM mutations have been in compound-heterozygous form [9, 16] .
ASPM is expressed in the cerebral cortical ventricular zone and proliferative zones of the medial and lateral ganglionic eminences during neurogenesis [22] . Several alternatively spliced variants, encoding putative ASPM isoforms with different numbers of IQ motifs have been identified suggesting the existence of isoforms with potentially different functions [71] . Fish et al (2006) [75] , revealed that Aspm (orthologue for mouse protein) protein localizes to spindle poles, and its siRNA mediated knockdown decreases proliferative symmetric divisions in developing neocortex of mouse. They have shown that ASPM maintains symmetrical cell divisions and is down-regulated with the switch from proliferative to neurogenic divisions. Also, it has been found that Nand C-termini of ASPM differentially localize within mitotic cells to either spindle poles or to midbodies, respectively [76] . In general, ASPM expression has been linked to proliferation and is highest in progenitor cells. Mouse Aspm is down regulated upon neurosphere differentiation, and knockdown of Aspm reduced both the self-renewal capacity and proliferation of neurospheres upon re-culture [1] . ASPM might also contribute to adult neurogenesis, as stimulating proliferation of neural precursors in adult rat hippocampus induced Aspm expression [77] .
In some recent studies, expression of ASPM in cancer cells has been investigated. Aspm has been found downregulated in ionizing-radiation treated cells [78] , and its down-regulation has shown to decrease Brca1 protein expression as well [79] . In another study, ASPM mRNA was found over-expressed in transformed human cell lines and tumors, and its increased expression was positively associated with proliferation of glioblastoma cells [80] .
ASPM plays a role in mitotic spindle function including orientation of cleavage plane. The spindle apparatus dictates the plane of cell cleavage, which is critical in the choice between symmetric or asymmetric division [4, 81, 82] . Drosophila asp gene mutants were the first to be called as mini-brain. Gonzalez et al (1990) [83] , described mitotic arrest in these flies with centrosome did not functioning correctly as microtubule organizing center. Drosophila asp gene is known to be essential for both the organization and binding together of microtubules at the spindle poles, the formation of the central mitotic spindle and to focus the poles of the mitotic spindles during mitosis and meiosis [81, 82] . The mitotic spindle positioning was defective, along with the defects in cell cleavage plane positioning during asymmetric cell division and spermatogenesis.
Pulvers et al (2010) [84] generated two mutant mouse lines from gene trap cells to study the function of Aspm in the development of the cerebral cortex and elsewhere. They discovered that the mutations in Aspm reduce brain size in mice, similar in nature to, albeit with less severity than, human primary microcephaly. They concluded that possible origins of this difference in severity may lie in the difference in brain size itself. They also found that human ASPM transgene rescues the microcephaly phenotype but does not produce a gain of function in mice. They have demonstrated that mutations in Aspm reduce fertility in males and females mice but do not alter copulation frequency.
Given the known functions of Drosophila and mouse orthologs of ASPM, it is, therefore, proposed that mutations of ASPM might reduce brain size by influencing mitotic spindle orientation, and reduce neural cell number through an effect on the ratio of asymmetric to symmetric cell divisions [1, 82] .
CENPJ/CPAP (MCPH6)
Bond et al. (2005) [44] identified two mutations in Centromere-associated Protein J (CENPJ) gene in one Brazilian and two Pakistani families within a previously identified locus on human chromosome 13q12.2 [41] . The CENPJ gene (MIM 609279) spans 40672 bp with 5187 bp ORF [46] . It has 17 exons and deduced 1,338-amino acid protein contains 5 coiled-coil domains, the most C-terminal of which includes a leucine zipper motif, several potential protein phosphorylation sites and a C-terminal domain containing 21 nonamer G-box repeats [44, 85] . It also contains a 112-amino acid long microtubule destabilizing motif PN2-3 [86] and two Cterminal 14-3-3 binding sites [87] . Wide expression of CENPJ is found with the highest expression in brain and spinal cord; primary expression has been localized to the neuroepithelium of the frontal cortex early in the neurogenesis [44] .
Four mutations have been reported in this gene so far. Initially two mutations were reported in three families [44] , including two families from Northern Pakistan having one mutation and other from Brazil with second mutation. Later, in a Pakistani family from Pashto language group, a deletion of four consecutive nucleotides (TCAG) was identified in exon 11 of CENPJ gene, leading to frameshift and premature termination codon 19 bp downstream in the same exon, predicted to add six amino acids downstream of the mutation [88] . More recently, a novel splicing mutation in CENPJ gene [89] has been observed in Seckel syndrome patients.
CENPJ is localized at the centrosome during mitosis and it is concentrated at the mitotic spindle poles during prometaphase and metaphase [44, 86] . Recently, Cho et al, (2006) [90] , have observed that depletion of CENPJ disrupts centrosome integrity, and cells lacking CPAP arrest in mitosis with multipolar spindles. In vitro evidence suggests that CENPJ might be able to inhibit microtubule nucleation and microtubules depolymerization [87] .
It has been found that CENPJ depletion by the use of siRNA lead to an increase of multiple spindle poles, mitosis arrest and apoptosis. CENPJ interacts with the N-terminal domain of the p65 subunit (RelA) of NFkappaB, a transcription factor important for various cellular events such as inflammation, immune response, proliferation and apoptosis [91] .
Loss of the CENPJ orthologue dsas-4 in Drosophila leads to the loss of centrioles; although knockout flies survive until adulthood, their coordination is poor and viability is also low [92] . Mutant flies developed into morphologically normal adults without cilia or flagella and died shortly early in life [93] . In C. elegans, sas-4 is a centriolar protein that controls centrosome size (centrosomal organization) [94] . The role of sas-4 in centrosome duplication was further underlined by FRAP (fluorescence recovery after photo bleaching) studies demonstrating that sas-4 was recruited to the centrosome once per cell cycle, at the onset of the organelle duplication cycle in the S phase [95] . CENPJ is therefore a crucial regulator of centriole length during centriole biogenesis, possibly functioning in the correct recruitment of centriolar microtubules.
7-STIL / SIL (MCPH7)
Seventh locus for primary microcephaly (MCPH7, MIM 612703) was mapped by Kumar et al, 2009 [42] in families with primary microcephaly to a region of 8.39 Mb on chromosome 1p33-p32.3. Sequence analysis of STIL (SCL/TAL1-Interrupting Locus) gene that codes for a pericentriolar and centrosomal protein revealed 3 different homozygous protein truncating mutations in affected members of 5 Indian families linked to MCPH7. The STIL gene spans 63018 bp with 5225 bp ORF [45] . It contains 20 exons and 1287 residues in full-length protein. STIL is a cytosolic protein of 150 kDa whose function is not fully understood and which lacks homology to any known protein families or motifs [45] . The human full length 1287 amino acid protein contains a putative nuclear localization signal and a Cterminal domain similar to that of TGF-beta [96] .
STIL is expressed throughout the cytosol with increased expression in the perinuclear region that likely plays a role in mitotic entry (cell cycle progression G2-M), apoptosis control and centrosome function [42] . Karkera et al (2002) [96] , found that the human STIL protein contains a putative nuclear localization signal and a cysteine-terminal domain similar to the C-terminal domain of TGF-beta. It was found by Aplan et al (1990) [97] , that genomic rearrangements, containing the STIL gene, have been associated with T-cell acute lymphoblastic leukemia (ALL). STIL is phosphorylated in mitosis and then interacts with PIN1 (peptidyl prolyl isomerase) which in turn regulates a subset of mitotic phospoproteins [98] . STIL is an early response gene that is ubiquitously expressed in proliferating cells and during early embryonic development [98, 99] .
Data obtained from zebrafish indicate that stil may not only play a role in centrosome function/duplication, but also in organizing the mitotic spindle. Loss-of-function mutation in zebrafish sil has an embryonic lethal defect [98] . While homozygous sil knockout mice (Sil -/-) display several developmental abnormalities around embryonal day (E) 7.5-8.5 and die after E10.5 [100] . They described the phenotype of mutant mice showing reduced size, limited developmental progress, midline neural tube defects, abnormal left-right development, increased rates of apoptosis, decreased rates of proliferation, abnormal expression of several important genes including "lefty 2" and "nodal". Also the mutants were found to be embryonal lethal.
Mutation spectrum of MCPH Genes in Pakistani Population
Pakistani population constitutes of at least 18 ethnic groups and speaks more than 60 languages [101, 102] . Mostly, it belongs to Indo-European speakers from India, although Hazaras, Pathans, Balti, Brusho and Balouch language groups are found to carry West-Asian, Arabian, and European ancestry [101, 103, 104] . Due to high rate of consanguinity (~61%) and large family size [34] , Pakistani population has proved to be rich for genetic linkage studies.
Northern Pakistan is a wide geographical region that harbors people from different language groups e.g. Kashmiri, Shina, Balti, Pashto, Hindko etc. All these groups tend to marry within their close relatives. As a large number of Pakistani MCPH families belong to this region, there is an ample need to detect localization of MCPH gene mutations in specific language groups within this area. This will certainly help in prenatal diagnosis of MCPH and will enhance our knowledge about the dispersion of MCPH alleles in different language groups within Pakistani population.
A total of about 95 families have been reported with mutations in any of MCPH genes from Pakistan, most of them belonging to Northern Pakistan. Except one recently discovered locus from India (MCPH7), all other MCPH loci have been reported in Pakistani families (Tables 4, 5 and 6) .
ASPM gene mutations have been found in 83 families with 2 families having compound heterozygous mutations. Language group is not mentioned for a large number of these families (Northern Pakistan is not a single language group). Two mutations 3978G-A and 8508delGA were most common, segregating in 18 and 4 families respectively (Table 5 ). The mutation 3978G-A has segregated mostly in Pashto language group. Although, Muhammad et al, (2009) [16] and Kousar et al, (2010) [105] have reported this mutation in families from Pakistan, but not clearly mentioned the language group.
CDK5RAP2 gene mutations have been found in three Pakistani families so far, and they are exclusive to Pakistan. One mutation (IVS26-15A-G) was observed in one family while other mutation (Y82X) was present in two families. All these families belong to Northern Pakistan but for only one family, language group has been mentioned.
Two mutations have been found in CENPJ gene segregating in three Pakistani families. One mutation 17delC was present in affected individuals from two families belonging to Northern Pakistan. The second mutation (3243delTCAGa) was found segregated in a Pakistani family from Pashto language group.
In one Pakistani family linked to MCPH2 locus Nicholas et al, 2010 [27] have detected a missense mutation c.3232G-A (Ala1078Thr) in exon 27 of the WDR62 gene (Table 6 ).This family belongs to Sindhi language group of southern Pakistan. Previously the locus was reported in Pakistani families only but the mutations in WDR62 gene have been found in microcephaly patients from other countries as well [21, 26, 27] .
Evolution of MCPH Genes and Mammalian Brain Size
MCPH significantly affects the ratio of brain size to body size. Brain size of the affected individuals is comparable to that of early hominids, chimpanzee or gorilla [22, 25] . Almost all genes involve in MCPH seem to play a role in mitosis of neuronal precursors. The acceleration of protein evolution has been observed to be most prominent in the lineage leading from ancestral primates to human, therefore, it is concluded that the phenotypic evolution of the human nervous system has a salient molecular correlate, i.e., accelerated evolution of the underlying genes, particularly those linked to nervous system development [106, 107] . Many investigators tried to find out evidence for adaptive changes in these genes and also studied the correlation of these changes with change in relative brain size during evolution and cognitive abilities that evolved us as human.
Genetic variants of ASPM and MCPH1 genes in human have been shown to arise nearly about 5,800 years and 36,000 years ago and have since swept to high frequency under strong positive selection [108] [109] [110] . Identification of these remarkably young-aged, positively selected variants suggested that the human brain is still undergoing rapid adaptive evolution. However, it has been suggested that certain developed models of human history including both population growth and spatial structure could generate the observed pattern of ASPM and MCPH1 haplotypes without selection [111] . Later, it was proposed that these variations are not unusual, do not support selection and ongoing adaptive evolution of ASPM and MCPH1 is not explained by increased intelligence [112] [113] [114] . Molecular evolutionary studies on CDK5RAP2 and CENPJ also revealed accelerated rates of non-synonymous substitutions within respective functional domains of the genes, in lineage leading to Homo sapiens that are likely the result of positive selection [60] . More recently, it has been observed that a common SNP of MCPH1 (previously not described) is associated with cranial volume variation in Chinese population without any detectable selection signal, suggesting that the brain volume variation in human populations is likely neutral or under very weak selection in recent human history [115] .
The claim that distribution of ASPM-D allele and MCPH-D allele is the result of positive selection has been challenged by several groups, but arguably remains the best explanation. Also, it has been observed by researchers that the predicted ASPM proteins encode systematically larger numbers of repeated 'IQ' domains between flies, mice, and humans, with the predominant difference between Aspm and ASPM being a single large insertion coding for IQ domains [4, 75] . But on the 7761T-G Pakistani homozygous Two [19, 22] 7782delGA Pakistani homozygous One [19] 8378delT Pakistani homozygous More than one [19] 9118insCATT Punjabi homozygous One [11] 9238A-T Punjabi homozygous Two [11, 19] [8, 105] other hand, the expansion of IQ repeats has been observed in other non-primates mammalians [116] , and raises the question of the physiological process which really benefits from the selection pressure.
It is important to mention that the derived haplogroups of ASPM and MCPH1 were apparently not found to be involved in variations in brain size [117] , intelligence [112] , head circumference, general mental ability, social intelligence [113, 114] or the incidence of schizophrenia [118] . It has been proposed by Dediu and Ladd (2007) [119] that effects of derived haplogroups of MCPH1 and ASPM are involved in subtle differences in the organization of the cerebral cortex, with cognitive consequences including linguistic biases in the processing and acquisition of linguistic tone.
More recently, Montgomery et al (2011) [120] have analyzed the molecular evolution of four genes associated with microcephaly (ASPM, CDK5RAP2, CENPJ, MCPH1) across 21 species representing all major clades of anthropoid primates and have found that contrary to prevailing assumptions, positive selection was not limited to or intensified along the lineage leading to humans. Out of four genes tested, they found positive relationships only between CDK5RAP2 and ASPM and neonatal brain mass and somewhat weaker relationships between these genes and adult brain size. The stronger association of ASPM and CDK5RAP2 evolution with neonatal brain size than with adult brain size is consistent with these loci having a direct effect on prenatal neuronal proliferation.
The results shown by Montgomery et al (2011) [120] have suggested that primate brain size may have at least a partially conserved genetic basis, and have contradicted previous studies that linked adaptive evolution of ASPM to changes in relative cortex size. Their findings about pervasive positive selection in coding regions of two widely expressed loci in relation to a complex, quantitative developmental phenotype have provided a notable counterexample to the commonly asserted hypothesis that cis-regulatory regions play a dominant role in phenotypic evolution.
Conclusion
One of the most obvious structural characteristics of the human brain, when compared with that of other mammals, is its large size. Cognitive abilities decrease with a significant decrease in brain size and most striking example of it is Autosomal Recessive Primary Microcephaly (MCPH), in which brain size reduces to one third of its original volume with a significant cognitive decline. The MCPH proteins are involved in different molecular pathways including DNA damage response signaling, cell division, proper spindle orientation, microtubule dynamics, cell cycle regulation etc. Recent functional studies confirm the presence of MCPH proteins at centrosome for at least part of cell cycle. Therefore, one may conclude that centrosome is the final integration point for many regulatory pathways affecting prenatal neurogenesis in mammals. The ASPM gene at MCPH5 locus and WDR62 at MCPH2 locus are the most common cause of MCPH respectively. Recent successful generation of mammalian models for MCPH has open up horizons for researchers to add more knowledge regarding the etiology and pathophysiology of MCPH. Better genotyping, neuroimaging and neuro-physiological testing, along with constitution of genetically homogeneous groups of patients, would help in establishing exact genotypephenotype correlation. Mutation screening in MCPH families from Pakistan along with the information about ethnic origin/language group is need of the time, because this population is the most affected group. It will help in genetic counseling and prenatal diagnosis for MCPH in Pakistan, and thus in turn may help reducing the incidence of MCPH from this highly consanguineous population. 
